Abstract: Mesoscopic interaction of transverse electric (TE)-polarized light with metal gratings requires a dielectric coating on the metal surfaces to support a waveguide mode for optical resonances simulating those of surface plasmon resonances for transverse magnetic (TM)-polarized light. Here, we show a resonance-induced absorption of TE-polarized light at a dielectric-coated metal grating. The resonance is identified to have a Bloch wave nature, existing only for its even-order modes, restricted by the coupling phase matching conditions in a reflection configuration mode. It is also shown that the resonance properties are largely subjected to the size of the grating grooves, where localized cavity mode can be excited for large-size grooves, leading to broad absorption peaks due to nonresonant losses and bringing in new absorption peaks resulting from cavity resonances in the grooves.
Introduction
Metals have intrinsic optical properties that can be used to flexibly manipulate light. Especially surface plasmon (SP) mode of light at metal surfaces can assist interaction of light with subwavelength metallic structures beyond the diffraction limit [1] . Near-field resonances of SPs in metallic structures often demonstrate characteristic spectral responses [2] - [4] that can be used in designing filtering elements [5] , [6] or labeled as footprints for sensing applications [7] , [8] . But, as SPs are transverse magnetic (TM) modes, the metallic nanostructures response to only TM polarization component of light; thus the transverse electric (TE) polarization component is excluded in the mesoscopic optical interactions. For example, a subwavelength metal grating just highly reflects TE-polarized light, having a featureless spectral response; in contrast, its interaction with TM-polarized incidence light can result in reflection dips under SP resonance conditions [9] , [10] .
Recently, we proposed to build a quasi TE surface wave mode by introducing an ultra-thin high-index dielectric layer on the metal surface to support mesoscopic interactions of TEpolarized light with metallic micro/nano-structures [11] , [12] . But practically we are subject to limited choice of high-index dielectric materials for the purpose. In another aspect of view, if the TE quasi surface mode is needed only at a structured quasi-planar metal surface and subwavelength confinement of field is not a major concern, we may use a more usual dielectric (e.g., Si 3 N 4 ) with relatively lower index to work, provided that it needs to have a large thickness. In this case, a waveguide mode in a metal-dielectric-air (MDA) structure [13] is considered in designing the interactions of metallic surface structures with TE-polarized light. In this paper, we will do so to show resonant absorption of TE-polarized light at the surfaces of dielectric-coated metallic gratings. Fig. 1(a) is a schematic illustration of the structure, a metallic reflective grating with rectangular grooves coated with a flat dielectric layer. First, we consider such a grating of metal silver with a period p ¼ 400 nm, groove width w ¼ 50 nm and groove depth h ¼ 20 nm, and coated with a dielectric layer of index n d ¼ 2 and thickness t d ¼ 100 nm. Fig. 1(b) shows its reflection spectrum under normal incidence of TE-polarized light, calculated with finite-difference time-domain (FDTD) simulations. In the spectrum, a clear narrow reflection dip is observed at the vacuum wavelength of 0 ¼ 565:2 nm. Since the metal is thick enough, the reflection (R) dip corresponds to an absorption ðA ¼ 1 À RÞ peak, whose FWHM (full-width half-maximum) width is $8 nm. In comparison, if the metal grating is bare without the dielectric coating, the spectrum is featureless for TE-polarized light as shown in the figure, and has a much broader reflection dip (FWHM of $78 nm) centered at 0 ¼ 580:6 nm for TM-polarized light. The reflection dip of the dielectriccoated metal grating for TE-polarized light is certainly related to a resonance mode that exists at the dielectric-coated grating surface. Its narrow band and high absorptance value indicate a large quality factor of the resonance mode and high efficiency in coupling of incidence light into the resonance mode with the metal structure, in comparison with those of the bare grating for TM-polarized light, which is known due to SP resonances at the corrugated metal surface [9] .
Structure and Phenomenon

Analysis and Discussion
Fundamental Mode in the Metal-Dielectric-Air Layer
To study the resonance-induced enhancement of absorption, we first show some characteristics of the waveguide mode in the MDA structure layer. In this work, the fundamental mode (TE0) is of our particular interest, as its field is most tightly bound to the metal surface and the guided wave is highly subjected to surface profiles of the metal structure. In Fig. 2(a) , normalized complex propagation constants (i.e., effective index N eff ¼ =k 0 , k 0 ¼ 2= 0 ) of the TE0 mode in MDA waveguides with dielectric layers of index n d ¼ 2 and thicknesses t d ¼ 50 and 100 nm are plotted as functions of the wavelength, calculated using the dispersion equation in [11]. It is clearly observed that a cut-off exists for the MDA waveguide even for its fundamental mode, e.g., at around 0 ¼ 850 nm for t d ¼ 100 nm, which is different from all-dielectric waveguides. Shown in Fig. 2(b) , cut-off wavelength ð cutÀoff Þ of the waveguide mode is calculated for typical indices of the dielectric layer (n d ¼ 1:5, 2, and 4) for its dependence on the thickness. As the resonance in Fig. 1 is based on the TE0 waveguide mode in the MDA region, the cut-off wavelength defines a spectrum range for the enhanced absorption. Fig. 2 (b) also tells that higher index of the dielectric layer brings a broader band for excitation of the resonance mode; but for a lower index dielectric, the dielectric thickness has to be thick enough for resonance absorption in the visible-to-near-infrared range.
Nature of the Resonance Mode and its Excitation Conditions
To clarify the nature of the resonance mode, reflection spectra of the dielectric-coated metal gratings with various periods are calculated, as shown in Fig. 3(a) , while the other structure dimensions are kept same as those in Fig. 1(b) . It is clearly observed that position of the reflection dip red-shifts with increase of the period. It is also verified with field distributions, as exemplified in Fig. 3(b) for p ¼ 400 nm, that the reflection dips are due to resonances in the MDA waveguide layer, having the characteristics of a 2nd-order Bloch-wave mode (with two field nodes in a period) [14] . Note that, as the period is large, the higher-order resonance reflection dips will also shift into the spectrum range, e.g., at 0 ¼ 465:9 nm for p ¼ 600 nm in Fig. 3(a) , which is verified due to the 4th-order resonance of the Bloch-wave mode, but it is shown that, at a given wavelength position, the lower order resonance mode of a smaller period structure can result in more absorption than higher order resonance modes of a larger period one. It's additionally observed that a dramatic reduction of the resonance absorption takes place as the period is increased such that the resonance position shifts to a wavelength just beyond the threshold ( cut-off ¼ 850 nm for n d ¼ 2, t d ¼ 100 nm), e.g., for p ¼ 900 and 1000 nm in Fig. 3(a) , due to highly weakened confinement of the field near the metal surface. Fig. 3(c) shows a band diagram of the Bloch mode in the periodically modulated MDA waveguide at the metal grating surface, e.g., for structures with p ¼ 400 and 600 nm. This is obtained by considering wave propagation through a periodic multilayer structure with alternate indices of the TE0 MDA waveguide mode for different dielectric thicknesses, and the following equation is used [15] , [16] : Fig. 3(c) . Whenever the grating groove is very shallow and/or narrow (i.e., h, w ( 0 =n d ), effect of the structural modulation can be considered as a perturbation, like that in a distributed feedback (DFB) structure [17] . Then the resonance position can be approximately determined by
where N eff and K wg ¼ N eff Á k 0 % are, respectively, the average effective index and wave vector of the waveguide mode in the perturbed dielectric layer and m is the resonance mode order. But unlike the situation in semiconductor DFB lasers [18] , here the oscillating wave in the dielectric layer comes from grating coupled external incidence light, instead of internally generated photons. Therefore, the external coupling phase matching condition is critical on occurrence of the resonant absorption, which is usually written as
where n is the coupling diffraction order. Thus, for the resonant absorption, both conditions of (2) and (3) should be satisfied, which lead to
In addition, if ¼ 0 , we have m ¼ 2n. It means that, under normal incidence conditions, the Blochwave resonance can be excited only for its even-order modes ðm ¼ 2; 4; . . .Þ, which appear at the center of the Brillouin zone in its band diagram shown in Fig. 3(c) . This explains our previous observation of the absorption peaks, appearing only for the 2nd-and 4th-order Bloch-wave resonances, e.g., for p ¼ 600 nm in Fig. 3(a) . And when the period is even larger, e.g., for p ¼ 800, 900, and 1000 nm, the 6th-order resonant absorption peaks also come to appear in the spectra.
The above conditions just approximately determine the resonance positions, as (2) is based on a perturbation consideration of the grating structures. Comparing the simulated resonance positions in Fig. 3(a) and those calculated from (2), some discrepancies apparently exist. But it's found that the simulated results have a good match with those of the low-frequency bandgap edges at the center of Brillouin zone in the band diagram [see Fig. 3(c) ], obtained with our non-perturbative Bloch-wave modeling. In principle [14] , this corresponds to a distribution of the field more confined in the grating groove regions of the MDA waveguide, where the TE0 waveguide mode has a larger effective index. Nevertheless, the grating grooves should usually be kept shallow and narrow to be just a perturbation; otherwise, the resonant absorption will appear to be have a wider band with relatively low absorptance, due to nonresonant losses (scattering and absorption) of power in the grooves. Besides, when the grooves have a larger size (i.e., deeper and/or wider), localized cavity modes will be excited in the grooves, resulting in another type of resonant absorption peaks as shown in the following.
Effects of Structure Dimensions and Incidence Angle
In Fig. 4 , we demonstrate effects of the grating's groove dimensions and incidence angles on the reflection spectra. Fig. 4(a) shows that, for a Ag metal grating with p ¼ 400 nm and w ¼ 100 nm, coated with a dielectric layer of n d ¼ 2, t d ¼ 100 nm, the Bloch-wave resonance absorption peak slightly redshifts with increase of the groove depth (within 0 ¼ 560 $ 590 nm). But a remarkable observation is that another absorption peak appears in the spectrum range, e.g., the one at 0 ¼ 477:3 nm for w ¼ 100 nm and h ¼ 150 nm; and its dependence on the groove depth is much more prominent. From its field distribution shown in Fig. 4(b) , we can see that the absorption peak cannot be ascribed to a higher order Bloch-wave resonance mode as neither relatively strong resonance field nor more in-plane field nodes are observed but to a 
cavity resonance mode localized within the grooves. Note that 100-nm-width of a metal gap filled with a dielectric medium of index n d ¼ 2 allows a TE waveguide mode at the wavelengths in the spectrum range. But if the width is too narrow, such TE waveguide mode can be fully cut-off. Thus in Fig. 4(a) , as the groove width is reduced down to w ¼ 50 nm, no cavity mode resonance absorption peak is observed. In this case, even the Bloch-mode resonance absorption peak, which has a very narrow width at around 0 ¼ 552 nm, barely shifts with variation of the groove depth, due to prohibited coupling of the power into the grooves and reduced nonresonant losses. In Fig. 4(c) , effect of the groove width is shown for a large variation, while the groove depth is kept relatively shallow with h ¼ 50 nm. The results indicate that, for a relatively shallow groove depth of h ¼ 50 nm, the Bloch-wave resonance position redshifts with increase of the groove width, because of an increased portion of the higher effective index regions in the periodically modulated MDA waveguide layer. As for the cavity resonance mode, it appears, e.g., at 0 ¼ 423:5 nm for w ¼ 200 nm; but the resonance absorption is relatively low and broad due to weak confinement of the field in the shallow groove region. Fig. 4(d) shows dependence of the reflection spectrum on incidence angle of the input beam. It is observed that the Bloch-wave resonance mode is fully independent of the incidence angle, which shows an invariant reflection dip at 0 ¼ 565:2 nm with equal reflectance values. But off the resonance position, there is generally a decrease of the reflectance with increase of the incidence angle. Here it's noted that, at the off resonance positions, incidence light can still be coupled into the MDA waveguide mode as a propagating wave, which undergoes nonresonant absorption in the metal. In this case, the coupling efficiency will be dependent on the incidence angle, which results in the variance of reflectance.
Effects of Grating Surface Profile
In the analyses above, we deal with metal gratings with rectangular shape grooves for convenience, but the conclusions are also applicable to gratings with other surface profiles. Fig. 5 shows the reflection spectra of sinusoidal metal gratings, with an equal period p ¼ 400 nm but different corrugation depths ðhÞ, coated with a uniform dielectric layer of n d ¼ 2 and t d ¼ 100 nm. A clear narrow reflection dip is also observed in the spectrum for shallow corrugation gratings, e.g., at 0 ¼ 540:5 nm for h ¼ 20 nm, which is ascribed to the absorption induced by Bloch-wave resonance of the TE waveguide mode in the dielectric layer. With increase of the corrugation depth, cavity resonance in the corrugations brings to an appearance of another reflection dip locating at short wavelengths, besides a redshift and broadening of the Bloch-wave resonance reflection dip.
Conclusion
In summary, we numerically investigated reflection of TE-polarized light at metallic subwavelength gratings coated with a dielectric layer, which shows resonant absorptions at the metal surface. The dominant resonance mode is due to absorptive Bloch-waves in the dielectric layer excited by the external incidence light. It is shown that only even-order Bloch-wave resonance mode can be excited subjected to a match to the coupling phase conditions. And the coupling efficiencies are high only as the gratings have shallow and extremely narrow grooves. Otherwise, the Bloch-wave resonances will be subject to nonresonant losses at the grooves to result in a wide absorption peak; besides, another type of resonant absorption peak appear due to localized cavity resonance modes in the grooves.
